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NADPH oxidase 1 (Nox1) is expressed mainly in colon epithelial cells and produces superoxide ions as a
primary function. We showed that Nox1 knockdown inhibits directional persistence of migration on collagen
I. This paper dissects the mechanism by which Nox1 affects the direction of colonic epithelial cell migration in
a two-dimensional model. Transient activation of Noxl during cell spreading on collagen 1 temporarily
inactivated RhoA and led to efficient exportation of o231 integrin to the cell surface, which supported
persistent directed migration. Nox1 knockdown led to a loss of directional migration which takes place through
a RhoA-dependent «2/a3 integrin switch. Transient RhoA overactivation upon Nox1 inhibition led to transient
cytoskeletal reorganization and increased cell-matrix contact associated with a stable increase in a3 integrin
cell surface expression. Blocking of a3 integrin completely reversed the loss of directional persistence of
migration. In this model, Nox1 would represent a switch between random and directional migration through
RhoA-dependent integrin cell surface expression modulation.

The two well-recognized defining hallmarks of cancer are
uncontrolled proliferation and invasion (14). The conversion
of a static primary tumor into an invasive disseminating me-
tastasis involves an enhanced migratory ability of the tumor
cells. Tumor cells use migration mechanisms that are similar, if
not identical, to those that occur in normal cells during phys-
iological processes such as embryonic morphogenesis, wound
healing, and immune-cell trafficking (10). To migrate, cells
must acquire a spatial asymmetry that enables them to turn
intracellularly generated forces into net cell body transloca-
tion. Dynamic assembly and disassembly of integrin-mediated
adhesion and cytoskeletal reorganization are necessary for ef-
ficient migration (29). Integrins are heterodimeric integral
membrane proteins composed of an a chain and a  chain.
Depending on the cell type and extracellular matrix (ECM)
substrate, focal contact assembly and migration can be regu-
lated by different integrins. Collagen receptors include alp1,
a2B1, and 31 integrins. a1B1 and a3B1 integrins also bind
laminin and have less affinity for collagen than does integrin
a2B1 (47). The intrinsic propensity of cells to continue migrat-
ing in the same direction without turning is closely related to
integrin/cytoskeletal interaction, which is known to regulate
tractional forces, resulting in modulation of the speed and
direction of cell migration (33). Interestingly, different inte-
grin-ECM associations might have opposite effects on the reg-
ulation of the directionality of migration. Danen et al. have
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shown that adhesion to fibronectin by av33 promotes persis-
tent migration through activation of the actin-severing protein
cofilin, which results in a polarized phenotype with a single
broad lamellipod at the leading edge. In contrast, adhesion to
fibronectin by a5B1 instead leads to phosphorylation/inactiva-
tion of cofilin and these cells fail to polarize their cytoskeleton
and adopt a random/nonpersistent mode of migration (5).
Members of the Rho GTPase family (including RhoA, Racl,
and Cdc42) are known as key modulators of cytoskeletal dy-
namics that occur during cell migration (37). RhoA regulates
stress fiber and focal adhesion assembly, Rac regulates the
formation of lamellipodial protrusions and membrane ruffles,
and Cdc42 triggers filopodial extensions at the cell periphery
(13).

One of the earliest characterized functions of the Rho
GTPase Rac was regulation of the activity of the NADPH oxidase
complex in phagocytic cells to produce reactive oxygen species
(ROS) (1, 19). Moreover, it has been shown that Rac-depen-
dent ROS production leads to downregulation of RhoA
through oxidative inactivation of the low-molecular-weight
(LMW) protein tyrosine phosphatase (PTP) and the subse-
quent activation of p190RhoGAP (31). ROS are also known to
directly affect important regulators of cell migration such as
PTEN, FAK, or Src (4, 20, 22). ROS are generated in cells
from several sources, including the mitochondrial respiratory
chain, xanthine oxidase, cytochrome P450, nitric oxide syn-
thase, and NADPH oxidase. The seven known human catalytic
subunits of NADPH oxidase include Noxl1 to -5 and Duox1 and
-2, with Nox2 (gp91phox) being the founding member (21).
These oxidases participate in several adaptive functions, rang-
ing from mitogenesis to immune cell signaling (11). A growing
body of data points to a key role for ROS production by
NADPH oxidase in the control of cell migration and cytoskel-
etal reorganization (30, 44). Among NADPH oxidase ho-
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mologs, Nox1 has been detected in different cell types, with
major expression in vascular smooth muscle cells and colonic
epithelial cells (42). Nox1 involvement in the control of cy-
toskeletal organization and cellular migration has been only
recently reported. Shinohara et al. demonstrated that onco-
genic Ras transformation involves Nox1-dependent signaling
and leads to inactivation of RhoA. Abrogation of Nox1-depen-
dent ROS production by diphenyleneiodonium (DPI) or small
interfering RNA restores RhoA activation and actin stress
fiber formation (41). More recently, several groups have high-
lighted a key role of Noxl in the control of growth factor-
induced migration (16, 38, 40). Cancer cells probably undergo
random migration during metastasis, but their migration can
be directed by cytokine gradients and/or associated with ECM
fibers (29, 55). In a recent report, we showed that Nox1 down-
regulation decreased the persistence of colonic adenocarci-
noma cell migration over collagen I (Col-I) without affecting
either the mean velocity or the total distance of migration.

In the present study, we investigated the molecular mecha-
nism by which Nox1-dependent ROS production controls the
directionality of migration of colonic adenocarcinoma cells.
We showed that Nox1-dependent ROS production, which oc-
curs during cell spreading after 4 h of adhesion to Col-I, tran-
siently inhibited RhoA activity. Nox1 inhibition during cell
spreading led to a transient increase in cell-matrix contact and
initiated a sustained decrease in «2B1 integrin cell surface
expression, which was compensated for by an increase in a3
integrin cell surface expression. While Nox1-dependent RhoA
inhibition was transient, the observed a2/a3 integrin switch
was sustained over 24 h. The loss of directionality observed in
cell migration upon Noxl inhibition may be reversed by a3
integrin blockade. This work shows that Nox1 is involved in the
control of integrin surface expression during migration on
Col-I, which is critical for persistent directed migration
through transient modulation of a RhoA/ROCK-dependent
pathway.

MATERIALS AND METHODS

Materials and reagents. Fetal bovine serum, trypsin-EDTA, Dulbecco’s mod-
ified Eagle’s medium, and sodium pyruvate were obtained from Gibco-BRL
(Invitrogen Corporation, Scotland, United Kingdom). Diogenes was obtained
from National Diagnostics (Atlanta, GA). Mouse monoclonal anti-al (FB12),
mouse monoclonal anti-a2B1 (Gi9), rabbit anti-a2 (AB1944), rabbit anti-a3
(AB1920), rabbit anti-phospho-MLC (MLC is myosin light chain), and rabbit
anticofilin antibodies were obtained from Millipore (Guyancourt, France). Rab-
bit monoclonal anti-phospho-cofilin antibody (77G2) was obtained from Ozyme
(Saint-Quentin-en-Yvelines, France). DGEA (integrin «2f1 recognition se-
quence Asp-Gly-Glu-Ala, an a2-blocking peptide) was obtained from Eurome-
dex (Souffelweyersheim, France). Mouse monoclonal anti-a3 antibody (C3
[VLA3]) was obtained from Beckman Coulter (Villepinte, France). Mouse anti-
RhoA monoclonal antibody was obtained from Tebu-Bio SA (Le Perray-en-
Yvelines, France). Rabbit anti-p190RhoGAP antibody and mouse anti-MLC
monoclonal antibody and mouse antipaxillin, rhodamine-phalloidin, and 3-amin-
opropyltriethoxysilane monoclonal antibodies were obtained from Sigma-Al-
drich (Saint-Quentin-Fallavier, France). Y27632 was obtained from VWR In-
ternational (Strasbourg, France). The RhoA G-LISA Activation Assay
absorbance-based kit was obtained from Cytoskeleton (Denver, CO).

Cell culture and transfections. HT29-D4 cells, originally derived from the
HT?29 colon adenocarcinoma cell line (9), were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 25 mM p-glucose,
sodium pyruvate (1%, vol/vol), and L-glutamine (2 mM). Cells were harvested in
single-cell suspension by treatment with trypsin-EDTA and subsequently trans-
fected by Amaxa Nucleofector according to the manufacturer’s protocol.
pAlpha2-EGFP-N3 overexpressing an a2-green fluorescent protein (GFP) fusion
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protein was kindly provided by J. Ivaska (University of Turku, Turku, Finland)
(35). Control plasmid pRkS and plasmid pRk5-RhoAY'* were kindly given by
Alan Hall (Sloan-Kettering Cancer Center). Nox1 short hairpin RNA (shRNA)
was previously validated and described (6, 38). Transfected cells were serum
depleted for 48 h, detached with 0.25% trypsin, and seeded onto Col-I-precoated
plates (10 pg/ml). The efficiency of Noxl shRNA compared to control siRNA
was evaluated in all experiments involving Nox1 shRNA (see Fig. S1 in the
supplemental material).

Migration assay. At 24 h after passage, cells were serum depleted for 48 h,
trypsinized, and then seeded onto Col-I-precoated 24-well plates at low conflu-
ence (25 X 10? cells/cm?). Analysis of cell migration at 37°C was performed with
an inverted Leica DMIRB microscope at X 10 magnification. Time-lapse record-
ing started 2 h after plating (end of the adhesion phase). Three fields per well
were imaged and followed at 10-min intervals for 8 h with a cooled charge-
coupled device (CCD) video camera operated by Metamorph image analysis
software (Princeton Instruments, Evry, France). Each individual cell displace-
ment was determined with the “track object” function in the Metamorph soft-
ware. For each of at least 45 independent cells, the net displacement between two
images was determined from time-lapse movies. These measurements allow
calculation of the total migration distance, distance to the origin, rate of migra-
tion, and directional persistence of cell migration. The total migration distance
represents the sum of the net displacements between measurements over a
period of 8 h. The distance to the origin was determined as the net displacement
between the initial position and the final position observed during an 8-h period.
The mean directional persistence was calculated as the average ratio of the
distance to the origin for at least 45 individual cells during an 8-h period and the
total migration distance. In order to follow the variation of the rate and persis-
tence of migration over time, we calculated the instantaneous velocity and in-
stantaneous persistence. The mean instantaneous velocity was calculated for at
least 45 individual cells as the net displacement of cells between two consecutive
frames divided by the time (10 min) and smoothed by adjacent averaging of five
frames over the 8 h of migration. Mean instantaneous persistence was calculated
as previously described (34), with modifications. Briefly, for every cell in each
consecutive frame (n), the net displacement (D) over a five-frame interval [(n;
n + 5)] was divided by the cumulative displacement (7) over the five-frame
interval. The instantaneous persistence plotted over time represents the average
of at least 45 individual cells.

Flow cytometry. Cell surface expression of integrin subunits in HT29-D4 cells
was determined by flow cytometry. Cells were incubated with different inhibitors
or vehicles for 30 min, harvested with trypsin/EDTA (0.25%/0.53 mM), and
resuspended in serum-depleted medium containing 1% (wt/vol) BSA. Cell sus-
pensions (2 X 10° cells/ml) were incubated for 1 h at 4°C in solutions containing
a saturating concentration of anti-integrin antibodies (10 wg/ml). Cells were
rinsed three times with ice-cold phosphate-buffered saline (PBS) containing 1%
BSA and then incubated for 45 min at 4°C in the dark with an excess of goat
anti-mouse fluorescein isothiocyanate-conjugated antibody. After washing, cells
were fixed in 1% paraformaldehyde and analyzed by injection onto a FACScan
flow cytometer (Becton Dickinson, San Diego, CA).

IRM. Interference reflection microscopy (IRM) is based on the interference of
light reflected from closely apposed surfaces to provide an image containing
information about the separation of those surfaces within a 100-nm range. Dark
zones on IRM images are indicative of cell surface attachment (48). Before cell
seeding, 9-cm? glass slides were treated with 3-aminopropyltriethoxysilane and
then incubated with 0.25% glutaraldehyde. The glass slides were then coated
with Col-I, and nonspecific aminosilane binding sites were blocked with etha-
nolamine. At 24 h after passage, cells were serum depleted for 48 h, trypsinized,
and then seeded onto Col-I-precoated 9-cm? glass slides at low confluence (25 X
103 cells/cm?). Chambers were deposited on an Axiovert 135 inverted microscope
(Zeiss, Jena, Germany) equipped with a heating stage (TRZ 3700) set at 37°C.
IRM was performed with an antiflex objective (X63 magnification, 1.25 numer-
ical aperture). Images were obtained with a Hamamatsu C4742-95-10 CCD
camera (10-bit accuracy) driven by HIPIC software. Each greyscale image ob-
tained was 8 bit converted and subjected to background subtraction to limit
uneven illumination across the field of view with ImageJ software (24). The
image threshold was set at a value of 90 (on a scale of 0 to 255). To express the
variation in cell-matrix contact, the integrated densities of at least 45 cells (from
different fields of view) were calculated. Results representative of three inde-
pendent experiments were expressed as the relative increase (percent) over the
value obtained for control cells.

Immunofluorescence experiments. At 24 h after passage, cells were serum
depleted for 48 h, trypsinized, and then seeded onto Col-I-precoated glass cov-
erslips. After the end of the spreading phase (at 3.5 h) or at 5.5 h, cells were
incubated with DPI for 30 min and then fixed in 3.7% formaldehyde in PBS,
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containing 1 mM MgCl, and 0.5 mM CaCl,. Cells were permeabilized in 0.2%
Triton X-100 for 5 min and blocked with 3% bovine serum albumin (BSA) in
PBS. Cells were stained for actin with rhodamine-phalloidin. For immunofluo-
rescence assay, cells were labeled overnight at 4°C with primary antibodies at 5
pg/ml and then with the appropriate fluorescent secondary antibody. For integrin
staining, cells were observed under an oil immersion 100X Plan-Fluotar objective
on an inverted Leica DMIRB microscope and photographed with a CoolSnapFx
CCD camera and Metamorph software. Dual labeling for actin and paxillin was
performed with a 63X HCX PL APO oil objective on a Leica SP5 confocal
microscope.

Measurement of ROS. ROS generation was measured by lucigenin (not
shown) and Diogenes reagent. As described previously (6), after incubation of
cells on Col-I for the desired time in 96-well plates (25 X 10° cells/well), lumi-
nescence was detected by a Fluoroscan Ascent FL fluorimeter (Labsystems,
France). The detected signal was assessed once a minute for 45 min. Results
represent the integration of the signal for 45 min and associated with the inter-
mediate time of measurement. All measurements were performed at 37°C.

Preparation of whole-cell lysates. Cells were lysed in radioimmunoprecipita-
tion assay buffer (50 mM Tris-HCI, 150 mM NaCl, 0.1% sodium deoxycholate, 4
mM EDTA, 50 mM NaF, 1 mM sodium orthovanadate, 10 mM sodium pyro-
phosphate, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 pg/ml leupeptin, 1
pg/ml aprotinin) and centrifuged for 10 min at 10,000 X g. The supernatant
protein concentration was determined with the bicinchoninic acid assay (Perbio
Sciences, Brebieres, France) by following the manufacturer’s instructions.

Subcellular fractionation. Adherent cells were washed and treated with ice-
cold hypotonic lysis buffer (10 mM Tris [pH 7.4], 1.5 mM MgCl,, 5 mM KClI, 1
mM dithiothreitol, 0.2 mM sodium vanadate, 1 mM PMSF, 1 pg/ml aprotinin, 1
pg/ml leupeptin) and then scraped. Cell lysates were homogenized and then
centrifuged at 2,000 rpm for 3 min to pellet nuclei and intact cells, and super-
natants were then spun at 15,000 rpm at 4°C for 30 min in a refrigerated
centrifuge to sediment the particulate fraction. The cytosol-containing superna-
tant was removed, and the particulate fraction was gently washed with hypotonic
lysis buffer (7).

Western blotting. Equal amounts of protein from lysates were resolved by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to Hybond ECL nitrocellulose membranes (Amersham Pharmacia
Biotech, France). Membranes were blocked in low-fat milk and incubated with
primary antibodies overnight at 4°C. Membranes were washed and subsequently
incubated for 1 h with anti-mouse, anti-rabbit, or anti-goat immunoglobulin—
horseradish peroxidase. Proteins were visualized with an enhanced chemilumi-
nescence detection kit (Amersham Pharmacia Biotech, France).

Pulldown assay of activated RhoA. After incubation of cells on Col-I for the
desired time, HT29-D4 cells were lysed in lysis buffer (50 mM Tris-HCI [pH 7.2],
100 mM NaCl, 5 mM MgCl,, 1% Nonidet P-40, 1 mM dithiothreitol, 10%
glycerol, 1 mM PMSF) and the lysates were incubated with glutathione S-
transferase-Rhotekin Rho binding domain coupled to glutathione-Sepharose for
120 min at 4°C. After extensive washing with lysis buffer, the proteins retained on
the resins were analyzed by immunoblotting with anti-RhoA antibody.

RhoA activation assay kit. Nox1 shRNA- and control shRNA-transfected cells
were seeded onto Col-I. After 3.5 h, cells were treated with DPI (10 wM) for 30
min. RhoA GTPase activation was determined with the absorbance-based RhoA
G-LISA activation assay according to the manufacturer’s protocol.

Statistical analysis. Results are expressed as means * standard errors from at
least three independent experiments. Statistical analysis was performed by the
unpaired Student ¢ test. A value of P < 0.05 was considered statistically signif-
icant.

RESULTS

Nox1 modulates the RhoA/ROCK pathway during cell spread-
ing. We previously showed that ROS produced after 4 h of
adhesion to Col-I in HT29-D4 cells are inhibited by DPI, the
flavoprotein inhibitor classically used to inhibit NADPH oxi-
dase. We and others have shown that Nox1 is the only Nox
homologue detected in HT29 cells (6, 12). By using shRNA
directed against Nox1, we confirmed that the DPI effect relies
on Nox1 inhibition in our experimental model (6). We showed
that the transient Nox1-dependent superoxide production af-
fects the a2 integrin expression level and cell migration direc-
tion (6, 38). The GTPase RhoA is a well-known regulator of
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actin stress fiber formation and focal adhesion assembly (13)
and a downstream target for NADPH oxidase and ROS (31,
41). Results in Fig. 1A show simultaneous measurement of
superoxide production and RhoA activation by Rho pulldown
assay during the time course of cell adhesion to Col-I. RhoA
activation was not seen in suspended cells and was first de-
tected after 2 h of adhesion. RhoA activation decreased after
4 h of adhesion compared to 2 h of adhesion. This decrease was
concomitant with the increase in Nox1-dependent superoxide
production. RhoA activation increased again after 6 h of ad-
hesion, while Nox1-dependent superoxide production was de-
creased. NADPH oxidase inhibition by addition of DPI at the
onset of ROS production increased RhoA activation compared
to that in the control, while DPI addition after the transient
ROS production did not affect RhoA activation compared to
that in the control (Fig. 1A). The immunoblot assay for Nox1
in Fig. 1B shows that Noxl shRNA decreased the Noxl ex-
pression level by more than 80% compared to control siRNA
expression, as previously validated and confirmed at the
mRNA level (6). A 3.5-fold increase in the Rho-GTP level was
observed in Nox1 shRNA-transfected cells compared to that in
the control after 4 h of adhesion to Col-I, as quantified by the
G-LISA active-RhoA detection kit (Fig. 1C). DPI addition to
Nox1 shRNA-transfected cells did not produce a further in-
crease in the Rho-GTP level, confirming that the DPI effect
was due to Noxl inhibition. These data suggest that NoxI-
dependent ROS production downregulates RhoA activity dur-
ing HT29-D4 spreading and migration on Col-I. We next ex-
amined the signaling mechanism linking Nox1 to the negative
regulation of RhoA activity through pl90RhoGAP modula-
tion. pl90RhoGAP is a GTPase-activating protein that acts as
an inhibitor of RhoA activity. Upon its tyrosine phosphoryla-
tion, pl90RhoGAP associates with p120RasGAP and translo-
cates to the plasma membrane, which correlates with the in-
creased Rho-inhibiting activity of pl90RhoGAP (3). We
explored the impact of Noxl-dependent ROS production on
p190RhoGAP activity by assessing the level of membrane-
translocated p190RhoGAP. Immunoblot assays of the mem-
brane fraction presented in Fig. 1D show that p190RhoGAP
membrane recruitment occurred after 4 h of adhesion, consis-
tent with the decrease in the Rho-GTP level observed at that
time. Suppression of Nox1-dependent superoxide by DPI or
Nox1 shRNA decreased p190RhoGAP membrane recruitment
at the onset of ROS production compared to that of the re-
spective control. The p190RhoGAP level was not affected by
DPI treatment or by Noxl shRNA in the cytosolic fraction,
suggesting that only a small amount of pl90RhoGAP was
associated with the plasma membrane (data not shown). These
results are consistent with the detected increase in RhoA ac-
tivity upon Nox1 inhibition under the same conditions. Mor-
phological changes induced by Nox1 inhibition were observed
by immunofluorescence staining by confocal dual labeling of
paxillin and actin. Figure 1E shows that DPI-treated cells after
4 h of adhesion displayed a large paxillin patch at the cell
periphery and actin stress fibers in the cellular body. In con-
trast, control cells after 4 h of adhesion and DPI-treated cells
and control cells after 6 h of adhesion presented a smaller
paxillin patch and less polymerized actin. The involvement of
Noxl in the control of cell-matrix contact during spreading on
Col-I was studied by IRM. IRM is classically used to study cell
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FIG. 1. Noxl-dependent downregulation of the RhoA-GTP level is mediated by p190RhoGAP and affects cell-matrix contact during adhesion
to Col-I. (A) Superoxide production was measured over adhesion time by chemiluminescence. Data are presented as means * standard errors.
The RhoA-GTP level over adhesion time was determined by a Western blot pulldown assay with glutathione S-transferase-Rhotekin Rho binding
domain beads. A Western blot assay of the total RhoA level was used as a loading control. DPI (10 uM) or vehicle was added 30 min before 4
or 6 h of adhesion to Col-I. (B) Nox1 shRNA efficiency compared to that of control shRNA was evaluated by immunoblot assay. 1 integrin was
used as a loading control. (C) The RhoA-GTP level in cells transfected with Nox1 or a control shRNA and seeded for 4 h on Col-I was assessed
by using the RhoA G-LISA Activation Assay according to the manufacturer’s instructions. DPI (10 uM) or vehicle was added 30 min before cell
lysis. Data are presented as means =+ standard errors. *, P < (.05 compared with the control. O.D 4gy,m, Optical density at 490 nm. (D) Membrane
translocation of p190RhoGAP was assessed by Western blot assay of the particulate fraction isolated from cells treated with DPI or transfected
with Nox1 or control shRNA. DPI (10 wM) or vehicle was added 30 min before cell lysis. (E) Fluorescence staining for actin (rhodamine
phalloidin) and paxillin was performed on cells seeded for 4 or 6 h onto glass coverslips precoated with Col-I. DPI treatment was applied 30 min
before fixation. Sequential image acquisition was performed with a Leica confocal microscope. Scale bar, 4 wm. (F) Cells were seeded onto
Col-I-precoated glass coverslips and treated at 3.5 h for 30 min with DPI (10 wM), the ROCK inhibitor Y27632 (10 pM), or both. Cell-matrix
contact was analyzed by IRM as described in Materials and Methods. The increase in cell-matrix contact (increase in the dark zone) was expressed
as a percentage of that of untreated control cells. Data are presented as means * standard errors. *, P < 0.05 compared with the control; §, P <
0.05 compared with DPI-treated cells.

adhesion by measuring the separation between the cell mem-
brane and the ECM coating a glass surface to which the cell is
attached (8). The cell-ECM distance was linked to pixel inten-
sity by using a continuum between black pixels representative
of a close cell-ECM interaction and white pixels representative
of a large distance between the cell and the ECM (see Mate-
rials and Methods). Inhibition of transient Nox1-dependent
ROS production by DPI increased cell-matrix contact com-
pared to that in the control (440% = 29% versus 100% * 16%),
respectively; Fig. 1F). The impact of the downstream RhoA
effector ROCK was assessed with the pharmacological inhibi-

tor Y27632 (10 wM). ROCK inhibition fully reversed the tran-
sient DPI increase in cell-matrix contact observed after 4 h of
adhesion to Col-I (Fig. 1F). In addition, Y27632 did not affect
the Noxl-dependent ROS production, confirming that the
RhoA/ROCK pathway was downstream of Noxl activation
(not shown). These results suggest that Nox1 inhibition during
the spreading phase leads to a reinforcement of cell anchorage
through the RhoA/ROCK pathway.

Nox1-dependent ROS production controls cell adhesiveness
through the modulation of cell surface a2/a3 integrin expres-
sion. We previously reported that Nox1 controls a2 integrin
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subunit membrane availability (38). The reinforcement of cell-
matrix contact during Nox1 inhibition observed in the present
study (Fig. 1) suggested that the surface expression or activa-
tion status of other integrins might have been affected. Besides
a2B1 integrin, HT29-D4 cells express other a subunits in-
volved in the binding of Col-I in association with B1 (i.e.,
aland a3 integrin subunits). Quantification of those o subunit
surface expression levels by flow cytometry after 24 h of adhe-
sion to Col-I showed median fluorescence levels of 45 *+ 5,
232 £ 25, and 200 * 21 for the a1, a2, and a3 integrin subunits
in HT29-D4 control cells, respectively. The median fluores-
cence obtained without primary antibody was 26 = 3. Under
DPI treatment or in Nox1 shRNA-treated cells compared to
the shRNA control, a1 cell surface expression remained con-
stant, while o3 integrin cell surface expression increased
(100% = 9% versus 140% =+ 9% for the control versus DPI
treatment) concomitant with a decrease in «2 integrin cell
surface expression (100% = 9% versus 60% * 8% for the
control versus DPI treatment). We qualified this effect induced
by Nox1 inhibition as a “a2/a3 integrin subunit switch.” We
then measured the integrin cell surface expression upon Nox1
inhibition directly at the onset of the transient Nox1-depen-
dent ROS production after 4 h of adhesion to Col-I. DPI was
added 3.5 h after adhesion to Col-I, and integrin cell surface
expression was measured 30 min after treatment. Results pre-
sented in Fig. 2B show that the a2/a3 integrin subunit switch
was initiated at the onset of transient Nox1-dependent ROS
production. Under the same conditions, a1 and B1 integrin cell
surface expression did not change in DPI-treated cells com-
pared to that in controls. Moreover, Nox1 shRNA expression
had the same effect as DPI on o2 and o3 integrin cell surface
expression. DPI addition to Nox1 shRNA-transfected cells did
not further decrease o2 integrin cell surface expression or
increase the o3 integrin cell surface expression level (Fig. 2C).
Induction of the a2/a3 integrin subunit switch took place after
30 min of Noxl-dependent ROS production inhibition, sug-
gesting posttranslational regulation rather than transcriptional
control of a2 expression. HT29-D4 cells transfected with the
pAlpha2-EGFP-N3 construct, which overexpress an a2-GFP
fusion protein under the control of the cytomegalovirus pro-
moter, exhibited an a2B1 integrin cell surface expression level
higher than that of control transfected cells (146% = 8%
versus 100% =+ 7%, respectively). Interestingly, DPI decreased
both control and overexpressed o2 integrin subunit cell surface
expression, confirming that Nox1 short-term regulation of a2
integrin subunit cell surface expression is not transcriptional
(Fig. 2D). To prove the link between cell-matrix contact mod-
ification and the a2/a3 integrin switch, we used an al, a2, and
a3 integrin subunit-blocking approach. Results presented in
Fig. 3 show that whereas cell treatment with the o3 integrin-
blocking antibody completely reversed the DPI-dependent in-
crease in cell-matrix contact, blocking a2 integrin by DGEA
was ineffective. Since Nox1 inhibition did not affect the ol
integrin, we used the a1 integrin-blocking antibody as a non-
relevant control antibody. As expected, al integrin inhibition
did not reverse the DPI effect. These findings suggest that the
increase in cell-matrix contact induced by Nox1 inhibition after
4 h of adhesion is exclusively due to the DPI-mediated increase
in a3 integrin cell surface expression. This finding was con-
firmed by the confocal dual labeling of paxillin and actin upon
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30 min of treatment at 3.5 h of adhesion to Col-I with DPI,
a3-blocking antibody, or both. Indeed, results presented in Fig.
3B show that blocking a3 integrin inhibited stress fiber forma-
tion and focal adhesion assembly upon DPI addition, suggest-
ing that o3 integrin is essential for the DPI-induced stabiliza-
tion of actin fibers and focal adhesion assembly.

RhoA/ROCK pathway controls Noxl-dependent integrin
switch through p38 mitogen-activated protein kinase (MAPK)
modulation. Confirming the involvement of «3 integrin in
Nox1 inhibition, the peripheral distribution of a2 integrin was
not affected whereas a3 integrin clusters were detected in
DPI-treated cells (Fig. 4A). Expression of a constitutively ac-
tivated mutant form of RhoA, RhoAV'*, induces the a2/a3
integrin subunit switch after 4 h of adhesion to Col-I, and DPI
did not further modify integrin cell surface expression (Fig.
4B). This suggests that RhoA acts downstream of Noxl to
modulate the «2/a3 integrin subunit switch. In addition,
ROCK inhibition by Y27632 (10 uM) completely blocked the
DPI-mediated a2/a3 integrin switch (Fig. 4D). We previously
reported that DPI and Noxl shRNA decrease the total a2
integrin subunit protein level (38). We addressed the possible
modification of the total a2 and «3 integrin subunit protein
level by the RhoA/ROCK pathway during adhesion to Col-I.
Immunoblot assays presented in the lower inset of Fig. 4B and
in Fig. 4C show that neither RhoAY'* overexpression nor
Y27632 affected the a2 or o3 integrin subunit protein level
after 4 and 24 h of adhesion to Col-I. DPI and Nox1 shRNA
did not modify the a2 or a3 total integrin subunit protein level
after 4 h of adhesion, while they inhibited only the a2 total
integrin subunit protein level after 24 h of adhesion to Col-I.
These results suggest that the RhoAY'*-mediated a2/a3 inte-
grin subunit switch downstream of Nox1 inhibition is not a
consequence of transcriptional regulation. In addition, these
data show that during adhesion to Col-I, Nox1 controls a2
integrin subunit availability through two independent path-
ways. One pathway affects the total a2 integrin subunit protein
level, while the other involves a RhoA/ROCK pathway and
controls a2 integrin membrane availability.

In order to determine the downstream targets of the RhoA/
ROCK pathway affected under Nox1 inhibition, we measured
the phosphorylation levels of cofilin and MLC upon treatment
with DPI at the onset of (4 h) or after transient Nox1 activation
(6 h). Immunoblot assays presented in Fig. SA show that at the
onset of Noxl activation, MLC was not phosphorylated
whereas cofilin phosphorylation was detected. Inhibition of
Nox1 activation by DPI increased the MLC phosphorylation
level, while cofilin phosphorylation was not further increased
by DPI addition. This increased MLC phosphorylation level is
in agreement with the detected increase in stress fiber forma-
tion and focal adhesion assembly observed upon Nox1 inhibi-
tion. In contrast, DPI addition when Nox1 was not activated
did not affect the activity of either MLC or cofilin. We con-
firmed that the increased MLC phosphorylation induced by
DPI was linked to Nox1 inhibition since Nox1 shRNA induced
the same effect (Fig. 5A). MLC phosphorylation induced by
the pharmacological inhibition or the knockout of Nox1 was
reversed by the ROCK inhibitor Y27632 but not by an anti-a3
integrin blocking antibody. These results suggest that MLC
phosphorylation is a consequence not of a3 integrin-mediated
outside-in signaling but downstream ROCK activation. More-
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FIG. 2. Noxl1-dependent ROS production controls cell surface a2/a3 integrin expression. Cell surface expression of integrins after adhesion to
Col-I was assessed by flow cytometry. Data are presented as means * standard errors. (A) Cell surface expression of al, a2, and «3 integrins was
assessed after 24 h of adhesion to Col-I. Cells were transfected with either Nox1 shRNA or control shRNA or left untransfected and treated with
DPI (10 pM) after 2 h of adhesion. *, P < 0.05 compared with control a2; §, P < 0.05 compared with control a3. (B) Cell surface expression of
al, a2, a3, and B1 integrins was assessed after 4 h of adhesion (the onset of Nox1 activation). DPI (10 uM) or vehicle was added 30 min prior
to measurement. *, P < 0.05 compared with the control. (C) Cell surface expression of a2/a3 integrins was assessed on Nox1 shRNA-transfected
and control transfected cells treated with DPI (10 wM) or vehicle. *, P < 0.05 compared with the control. (D) Cell surface expression of a2 integrin
was assessed after 4 h of adhesion on pAlpha2-EGFP-N3-transfected (overexpressing an a2-GFP fusion protein) or pEGFP-N3-transfected cells
treated with DPI (10 wM) or vehicle for 30 min prior to measurement. *, P < 0.05 compared with the control.

over, blebbistatin, an inhibitor of actin-myosin II interaction,
did not affect or reverse the DPI-induced integrin switch, sug-
gesting that MLC phosphorylation and the subsequent actin
stress fiber formation are concomitant with the integrin switch.
We previously reported that membrane o2 integrin subunit
availability was affected by p38 MAPK inhibition (38). The
follow-up of p38 MAPK phosphorylation after 4 h of adhesion

to Col-I showed that DPI inhibited p38 MAPK phosphoryla-
tion (Fig. 5B). Y27632 alone did not change the p38 MAPK
phosphorylation level but blocked the inhibition induced by
DPI. A similar reversion of p38 MAPK phosphorylation by
Y27632 was observed in RhoAY'*-transfected cells. These re-
sults suggested that Nox1 inhibition affects p38 MAPK phos-
phorylation through the RhoA/ROCK pathway. SB203580, a
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FIG. 3. Increased cell-matrix contact upon Nox1 inhibition relies on «3 integrin. (A) Cell-matrix contact was analyzed by IRM after 4 h of
adhesion to Col-I. Treatment with DPI (10 uM), DGEA (a2-blocking peptide; 0.25 mM), and anti-a1 or anti-a3 blocking antibodies (10 pg/ml)
was performed 30 min prior to measurement. Quantification of the area of contact (increase in pixel darkness and the number of dark pixels) was
performed on at least 45 individual cells with Image] software. Data are presented as means * standard errors. *, P < 0.05 compared with
non-DPI-treated cells; §, P < 0.05 compared with DPI-treated control cells. Bar, 4 wm. (B) Fluorescence staining for actin (rhodamine-phalloidin)
and paxillin was performed on cells seeded for 4 h on Col-I and treated with DPI, anti-a3 blocking antibody, or both for 30 min before fixation.

Sequential image acquisition was performed with a Leica confocal microscope. Scale bar, 4 pm.

pharmacological inhibitor of p38 MAPK, induced the integrin
switch to the same extent as DPI did (Fig. 5C). In addition,
SB203580 did not affect the phosphorylation level of MLC with
or without DPI after 4 h of adhesion to Col-I (Fig. 5D). Finally,
SB203580 did not affect the total a2 or o3 integrin subunit
protein level after 4 and 24 h of adhesion to Col-I, confirming
that the RhoA/ROCK/p38 MAPK pathway downstream of
Noxl1 is not involved in the long-term decrease of the total a2
integrin level. These results highlight a dual effect of ROCK
activation, upon Nox1 inhibition, on both p38 MAPK/integrin
surface expression and MLC/cytoskeletal reorganization. p38
MAPK is the major regulator of the integrin switch, while
MLC phosphorylation would represent the key regulator of
stress fibers in association with o3 integrin.

Nox1-dependent ROS production controls the directionality
of cell migration on Col-I through the modulation of cell sur-
face a2/a3 integrin expression. Nox1 knockdown by shRNA or
inhibition by DPI affects the directional persistence of cell
migration over Col-I. We have initially correlated this effect to
a decrease in a2 integrin cell surface expression measured 24 h
after adhesion (38). Comparison of a2 and o3 integrin subunit
surface expression between the start and end of migration
showed that o2 integrin cell surface expression increased dur-
ing cell migration, while o3 integrin cell surface expression was

not significantly affected (Fig. 6A). DPI blocked the increase in
a2 integrin cell surface expression during migration while it
increased o3 integrin cell surface expression. The analysis of
the persistence of cell migration under Nox1 inhibition with or
without integrin-specific blocking antibodies and peptides is
reported in Fig. 6B. In a control experiment, directional per-
sistence of migration was decreased by a2 integrin blockade
and unaffected by o3 integrin blockade. During Nox1 inhibi-
tion, a2 integrin blockade did not further decrease or reverse
the persistence of migration. In contrast, a3 integrin blockade
fully reversed the persistence of migration compared to the
control without DPI (Fig. 6B). In addition, under Nox1 inhi-
bition, a3 blockade did not rescue a2 surface expression (not
shown). Results presented in Fig. 6C confirm that ROCK is a
downstream effector of Nox1 since Y27632 blocked the loss of
migration persistence induced by DPI. Finally, the loss of mi-
gration persistence observed under p38 MAPK inhibition was
reversed by an anti-a3 integrin blocking antibody. These re-
sults suggest that the loss of persistence of migration upon
Nox1 inhibition is mainly mediated by the increase in cell
surface expression of o3 integrin. We previously showed that
upon Noxl1 knockdown, the mean velocity and mean total
distance of migration remained constant while the mean dis-
tance to the origin and the directional persistence of migration
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FIG. 4. Noxl1 inhibition induces the a2/a3 integrin switch through the RhoA/ROCK pathway. (A) Cells were seeded onto Col-I-precoated
plates for 4 h and treated with DPI (10 uwM) or vehicle for 30 min before fixation. Cells were fixed, permeabilized, and subjected to immunoflu-
orescence analysis with anti-a2 and anti-a3 integrin subunit antibodies. Scale bar, 4 um. (B) Cell surface expression of a2 and «3 integrins after
4 h of adhesion to Col-I was assessed by flow cytometry on RhoAY'*-transfected and control transfected cells. Data are presented as means *
standard errors. *, P < 0.05 compared with a2; §, P < 0.05 compared with control a3. The upper inset represents the level of myc-tagged RhoAY'*
compared to that of endogenous RhoA determined by Western blot (WB) assay with primary anti-RhoA and anti-myc antibodies. The lower inset
shows a Western blot assay with anti-a2 and anti-a3 integrin antibodies performed on RhoAY'*-transfected cells after 24 h of adhesion to Col-1.
(C) Cells were transfected with either Nox1 shRNA or control shRNA or left untransfected and seeded onto Col-I. Cells were then treated at 3.5 h
for 30 min with DPI (10 uM) or the ROCK inhibitor Y27632 (10 uM) or incubated for 24 h with the inhibitors shown. Lysates were prepared and
analyzed by SDS-PAGE, followed by immunoblotting with anti-a2 or anti-a3 integrin antibodies. (D) Cell surface expression of a2 and o3 integrins
after 4 h of adhesion to Col-I was assessed by flow cytometry on cells treated with DPI (10 uM), Y27632 (10 wM), or vehicle for 30 min before
measurement. Data are presented as means * standard errors. *, P < 0.05 compared with control o2; §, P < 0.05 compared with control «3.

decreased by 68 and 73%, respectively, compared to the con-
trol (38). As ROS modulation, RhoA activation, and integrin
surface availability are subject to change during the time frame
of migration analysis, we followed the instantaneous velocity
and persistence during cell migration instead of the mean
velocity and mean persistence. Under these conditions, a slow-
down of velocity was observed during the transient overactiva-
tion of RhoA and initiation of the a2/a3 integrin switch by
Nox1 inhibition. Then, an increased velocity was observed
while RhoA activity returned to normal and the integrin switch
was sustained (Fig. 6D). In contrast, inhibition of Nox1-depen-
dent ROS production continuously decreases the instanta-
neous persistence over time. Since we showed that the RhoA
activation levels were similar in control and DPI-treated cells
after 6 h of adhesion, the cellular persistence of migration does
not rely on the sole RhoA activation state. These results sug-
gest that once induced by RhoA activation, the integrin switch
is the major regulator of cellular migration persistence. Over-
all, these data are consistent with a transient impact of Nox1 on
RhoA activity, leading to transient cytoskeletal reorganization
and p38 phosphorylation, which increase «2 integrin subunit

membrane availability, allowing efficient two-dimensional (2D)
migration on Col-I (results are summarized in Fig. 7).

DISCUSSION

Cell motility requires fine regulation through Rho-GTPase
signaling of the cytoskeleton and integrin network to control
the speed and direction of cellular migration (37). Directional
migration is involved in vivo in many physiopathological pro-
cesses. Leukocytes and fibroblasts directionally moved toward
the injury site, while directed migration in cancer cells in-
creased the efficiency of extravasation during metastasis (29).
A close relationship between ROS production and cell-matrix
adhesion complexes, including integrins and cytoskeletal pro-
teins, has been reported (43). In the present study, we inves-
tigated the molecular mechanism by which Nox1-dependent
ROS production controls the direction of migration of colonic
epithelial cells. We showed that Nox1-dependent ROS produc-
tion transiently inhibits RhoA activity during cell spreading.
This transient RhoA inhibition is necessary for a2p1 integrin
externalization upon spreading on Col-I and for the further
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prepared and analyzed by SDS-PAGE, followed by immunoblotting with anti-a2 or anti-a3 integrin antibodies.

persistence of cell migration directionality. Nox1 inhibition did
not affect cell spreading but led to a transient increase in
RhoA-dependent cell-matrix contact and to a sustained a2/a3
integrin switch. The loss of directionality observed during cell
migration upon Nox1 inhibition was reversed by an a3 integrin
blockade, suggesting a major involvement of a3 integrin in this
phenotype. These results are consistent with a recent finding
showing that epithelial cells from 3 integrin subunit knockout
mice migrate with increased persistence (26). Thus, Noxl
would represent a switch between random and directional mi-
gration by affecting integrin membrane availability through the
RhoA/ROCK/p38 MAPK pathway.

Many reports showed, by using pharmacological inhibition,
that ROS produced through an NADPH oxidase-like complex
affect cell migration (23, 49). Recent molecular evidence for

the involvement of Nox/Duox homologues in the control of cell
migration has been reported for Nox2 in endothelial cells (45,
54), Nox1 in vascular smooth muscle cells and colonic epithe-
lial cells (38, 40), Nox4 in myofibroblast and vascular smooth
muscle cells (15, 16, 28), and Duox1 in airway epithelial cells
(49). In a previous report, we showed that Nox1 controls co-
lonic epithelial cell migration on Col-I by modulating o2 inte-
grin membrane availability. Nox1-dependent ROS production
occurred after 4 h of adhesion to Col-I. Nox1 inhibition or
downregulation led to a decrease in cell surface and total
expression of a2 after 24 h of adhesion to Col-I linked to a loss
of directional persistence of migration. In contrast, Nox1 acti-
vation by arachidonic acid induced an increase in a2 mem-
brane availability and an increase in the directional persistence
of migration. A feature of migration impairment by Noxl
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FIG. 6. Noxl1-dependent ROS production controls the directionality of cell migration on Col-I by modulation of a2/a3 integrin cell surface
expression. A 2D migration experiment was performed on Col-I for 10 h. (A) Cells were seeded onto Col-I and treated with DPI (10 wM) or vehicle
after 2 h of adhesion. Cell surface expression of a2 and «3 integrins was assessed by flow cytometry at the start of migration (2 h of adhesion) and
at the end of migration (10 h of adhesion). Data are presented as means = standard errors. * and §, P < 0.05 compared with the control. (B) Cells
were treated with DPI (10 uM), vehicle, DGEA (a2-blocking peptide; 0.25 mM), or a3-blocking antibodies (10 wg/ml) after 2 h of adhesion to
Col-1. Directional persistence was calculated as the ratio of the mean distance to the origin to the mean total migration distance. Data are
presented as means * standard errors. *, P < 0.05 compared with the control. (C) Cells were treated after 2 h of adhesion to Col-I with DPI (10
wM), vehicle, a3-blocking antibody (10 pg/ml), SB203580 (10 wM), or Y27632 (10 pM). After 8 h of migration, directional persistence was
calculated. Data are presented as means * standard errors. *, P < 0.05 compared with the control. (D) The instantaneous velocity of migration
was determined by using the distance measured every 10 min for at least 45 individual cells over 8 h. Instantaneous persistence for each time was
calculated as the net translocation observed after six frames divided by the sum of the displacements observed between frames. Instantaneous
persistence was calculated for at least 45 individual cells and followed for 8 h. Data are presented as means * standard errors. *, P < 0.05 compared
with the control.

downregulation is that neither the total distance nor the mean
velocity of migration was affected (38). Thus, impairment of
migration by Nox1 could not rely only on the decreased avail-
ability of o2 integrin. In this study, we showed that Nox1 affects
the RhoA activation state through redox modulation of the
activity of p190RhoGAP (Fig. 1). It has been shown by Nim-
nual et al. that Rac-stimulated ROS production decreases the
Rho activation level by increasing the phosphorylation level of

p190RhoGAP through inhibition of LMW PTP (31). More
recently, Shinohara et al. have shown that Noxl-dependent
ROS production inactivates LMW PTP and increases the level
of p190RhoGAP activation (41). We show here that Noxl
inhibition induced a transient RhoA overactivation leading to
an a2/a3 integrin switch with a decrease in o2 and an increase
in a3 integrin cell surface expression while 81 remained con-
stant (Fig. 1 and 2). The transient RhoA overactivation upon



VoL. 29, 2009

Noxl CONTROLS INTEGRIN TURNOVER THROUGH RhoA PATHWAY 3925

Nox1 Inhibition

3
p190RhoGAP.

(Membrane)

p190RhoGAP.

(Cytosol)

N

C RhoA-GDP;

RhoA-GTP

v

a2p1 integrin

Efficient migration

ROCK

MLC

- Actin remodeling
- Stress fibers formation
- Focal adhesion assembly

Loss of migration persistence
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Nox1 inhibition was concomitant with stress fiber formation
and focal complex maturation involving o3B1 integrin, which
led to a transient reinforcement of cell-matrix contact (Fig. 1
and 4). After the onset of Noxl-dependent ROS production,
while RhoA activity returned to normal compared to that of
controls, the increase in membrane o3 integrin is sustained,
leading to a loss of directional migration (Fig. 6). Previous
studies have suggested that high levels of adhesiveness inhibit
the speed of cell migration (32) and deadhesion is the rate-
limiting step in regulating cell migration under a condition of
high cell-substratum adhesiveness. In our experiments, while
the mean velocity of migration did not show a significant dif-
ference between control and Noxl-inhibited cells, the fol-
low-up of instantaneous velocity showed that the speed of
migration was clearly dependent on RhoA and integrin status.
A slowdown of velocity was observed during the transient over-
activation of RhoA and initiation of the a2/a3 integrin switch

by Nox1 inhibition. Then, an increased velocity was observed
while RhoA activity returned to normal and the integrin switch
was sustained. On the contrary, a sustained decrease in instan-
taneous persistence was observed under Nox1 inhibition. Since
the RhoA activation levels were similar in control and DPI-
treated cells after 6 h of adhesion, the cellular persistence of
migration does not rely solely on the RhoA activation state.
These results suggest that once induced by RhoA activation,
the increase in membrane a3 integrin represents a major reg-
ulator of cellular migration persistence. These conclusions are
supported by recent findings showing that the persistence of
migration was increased in keratinocytes from a3 integrin
knockout mice. In vitro, these cells compensated for the de-
crease in o3 integrin by an increase in a6 integrin (26). An
integrin switch leading to different motility behavior (direc-
tional versus random) has been reported between avB3 and
a5B1 in fibroblasts (5, 50). These works showed that avB3
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integrin antagonized «SB1 integrin recycling through out-
side-in signaling and further affecting the directionality of mi-
gration through a5B1 integrin-dependent RhoA activation. On
the other hand, it has been shown by Worthylake and Burridge
that inhibition of the RhoA/ROCK pathway controls inside-
out signaling and modulates integrin activity by promoting
remodeling of the actin cytoskeleton and restricting integrin
activity and membrane protrusions to the leading edge (53).
Our result show that Nox1-dependent ROS production con-
trols cell-matrix contact and the initiation of the integrin switch
exclusively through control of the RhoA pathway and that this
is mimicked by the RhoAY'* mutant (Fig. 4). Nox1 inhibition
affects cell migration through RhoA/ROCK pathways by in-
ducing transient cytoskeletal reorganization and by initiating a
sustained integrin switch and an increased membrane o3 inte-
grin level. Both cytoskeletal reorganization and «3 integrin
sorting after 4 h of adhesion to Col-I led to an increase in
cell-matrix closeness and stress fiber formation (Fig. 3). Sev-
eral RhoA-dependent cytoskeletal rearrangements are regu-
lated by the effector ROCK, which controls the contractility
and stabilization of filamentous actin through inactivation of
myosin phosphatase and the actin-depolymerizing factor cofi-
lin (2). Cytoskeletal dynamics during cell migration involve
complex regulation to mediate the disassembly of F-actin fila-
ments from the rear of the cell and promote lamellipodial
assembly at the leading edge (18). The MLC subunit, when
phosphorylated, is thought to promote myosin II assembly and
increase the actomyosin-based contractility necessary for the
generation of stress fibers and the maturation of focal com-
plexes (27). The actin binding protein cofilin binds to F-actin
and promotes its severing and depolymerization. When phos-
phorylated on Ser-3 by the ROCK or PAK upstream LIM
kinase, cofilin is unable to bind F-actin (2). Under our exper-
imental conditions, at the onset of Noxl activation, cofilin
phosphorylation was detected whereas MLC was not phosphor-
ylated. Inhibition of Noxl activation by DPI increased the
MLC phosphorylation level but did not further increase cofilin
phosphorylation (Fig. 5A). Cofilin phosphorylation detected
after 4 h of adhesion suggests that a pathway other than the
ROCK pathway controls cofilin phosphorylation in this con-
text. We previously reported that Racl is activated after 4 h of
adhesion in these cells (7). Such Racl activation might be
consistent with involvement of the PAK/LIM kinase pathway.
Thus, as cofilin was already phosphorylated, Nox1 inhibition
and the subsequent RhoA/ROCK activation do not seem to
affect the cofilin phosphorylation state. However, we cannot
fully exclude the possibility of a local modification of cofilin
turnover which could not be detected by a Western blot assay.
Finally, the increased MLC phosphorylation state under Nox1
inhibition is consistent with the observed stress fiber formation.
As the anti-a3 integrin blocking antibody reversed the forma-
tion of stress fibers, we questioned a possible involvement of
MLC phosphorylation and cytoskeletal reorganization in the
initiation of the integrin switch. MLC phosphorylation induced
by DPI or Nox1 knockout was suppressed by Y27632 but un-
affected by the anti-a3 integrin blocking antibody (Fig. 5).
Inhibition of the actin-myosin II complex by blebbistatin did
not block the integrin switch induced by DPI (Fig. 5C). This
result confirmed that stress fiber formation associated with
MLC phosphorylation is concomitant with initiation of the
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integrin switch but not involved in its initiation. As the anti-a3
integrin blocking antibody reversed the formation of stress
fibers under Nox1 inhibition, a3 integrin should represent a
docking site for transient stress fiber formation, leading to the
increase in cell-matrix closeness which occurred after 4 h of
adhesion. We previously reported that p38 MAPK is involved
in the regulation of a2 integrin membrane availability (38). We
show here that p38 MAPK phosphorylation was inhibited by
DPI and RhoAY' and that that inhibition was reversed by
Y27632. Inhibition of p38 MAPK by SB203580 induced the
a2/a3 integrin switch but did not affect the phosphorylation
level of MLC and the total expression level of the a2 or a3
integrin subunit after 4 and 24 h of adhesion to Col-I. These
results were consistent with the involvement of p38 MAPK in
the initiation of the integrin switch without any effect on MLC
phosphorylation and stress fiber formation. The involvement
of p38 MAPK in the recycling of membrane receptors and
integrins has been previously described (25, 52, 56). Activated
p38 MAPK has been shown to phosphorylate early endosomal
antigen 1 and the Rab GDP dissociation inhibitor. In addition,
Woods Ignatoski et al. reported a decrease in the surface a4
integrin subunit by Racl/p38 MAPK activation (52). Overall,
these results suggest that the RhoA/ROCK/p38 MAPK path-
way affects the recycling of the o2 or a3 integrin, which durably
affects the directionality of migration, while the RhoA/ROCK/
MLC pathway induces transient cytoskeletal reorganization
and increases the strength of adhesion. Thus, in contrast to
fibroblasts, where avB3 and «5B1 integrin switches lead to
different motility behavior by activating the RhoA pathway
downstream of the a5p1 integrin (5, 50), in our cell model, the
RhoA pathway is an upstream regulator of the a2/a3 integrin
switch leading to control of the direction of migration.

We show here that Nox1 controls membrane and total a2
integrin subunit expression levels by two distinct pathways.
Indeed, we previously reported that Nox1 knockdown or inhi-
bition decreased the total amount of the o2 integrin subunit
after 24 h on Col-I (38). However, Nox1 inhibition or knockout
did not affect either the a2 or the a3 integrin total expression
level after 4 h of adhesion to Col-I, suggesting that initiation of
the membrane o2/a3 integrin switch is not linked to early
transcriptional regulation of these integrins (Fig. 4C). This
nontranscriptional regulation is also supported by the overex-
pression of the o2-GFP integrin under the control of the cy-
tomegalovirus promoter (Fig. 2D). In contrast, Nox1 inhibition
or knockout induced a decrease in the a2 integrin expression
level after 24 h of adhesion to Col-I without affecting the a3
integrin expression level. RhoAY'*, Y27632, and SB203580 did
not modify the a2 or the a3 integrin total expression level after
4 or 24 h of adhesion to Col-I (Fig. 4B and C and 6E). These
results suggest that the a2/a3 integrin switch downstream of
RhoA/ROCK/p38 MAPK is not linked to the decrease in the
total amount of the a2 integrin subunit induced by Nox1 inhi-
bition after 24 h. Thus, Nox1 should control a pathway up-
stream of RhoA which affects the total expression level of the
a2 integrin subunit.

The formation of focal adhesions and closely associated ac-
tin stress fibers requires the activation of RhoA (36). The
present work shows the major impact of Nox1 as a transient
regulator of RhoA on a 2D cell migration model. In three-
dimensional (3D) substrata, cells can adopt a persistent mode
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of migration with a pseudopod at the leading edge attaching to
the ECM, but alternatively, they can move randomly, under-
going amoeboid shape changes (51). Increased RhoA activity
has been associated with random migration in 2D and 3D
migration models (39). Our present findings suggest that in
colon carcinoma cells, Nox1 represents a major regulator of
directional persistence of migration by transiently regulating
the balance between Rho and Rac. Different reports showed
that Racl activated Nox1 (reviewed in reference 17), and we
have recently shown that Racl-GTP is needed for Nox1 acti-
vation during colonic epithelial cell adhesion to Col-I (6). Fine-
tuning of Racl and RhoA GTP loading, and certainly the ratio
of active Racl to RhoA, is needed to maintain cell polarization
and the directional persistence of migration. Pankov et al.
showed that a low level of active Racl is needed to maintain
the directional persistence of migration of fibroblasts (33). In
this work, we show that an increase in the active RhoA level
impairs the directional persistence of migration in favor of
random migration. Finally, Nox1 inhibition, leading to the re-
placement of an integrin efficient for directed migration (a2B1
integrin) with a nonefficient one («3B1 integrin), would repre-
sent an amoeboid cell-like phenotype. Recent data showed
that blockade of a2 integrin limits the occurrence of liver
metastases from colon carcinoma cells (46).

The present study provides the first substantial evidence in
support of the role of Nox1-dependent ROS in the regulation
of integrin turnover during cellular migration. We demon-
strated that early Nox1l-dependent ROS production controls
cellular migration through transient modulation of the RhoA/
ROCK pathway and the subsequent regulation of integrin
turnover. This involvement of Nox1 in directed migration in
cancer cells would represent an interesting target to modulate
the efficiency of extravasation during metastasis. Further work
is needed to assess the role of Noxl in amoeboid cell-like
migration and in different models of metastasis formation.
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